Development of a Performance Calculation Program for Solar Domestic Hot Water Systems with Improved Prediction of Thermal Stratification by Fan, Jianhua et al.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 20, 2017
Development of a Performance Calculation Program for Solar Domestic Hot Water
Systems with Improved Prediction of Thermal Stratification
Fan, Jianhua; Furbo, Simon; Li, Zhe
Published in:
Conference Proceedings - Solar World Congress 2015
Link to article, DOI:
10.18086/swc.2015.02.15
Publication date:
2016
Document Version
Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Fan, J., Furbo, S., & Li, Z. (2016). Development of a Performance Calculation Program for Solar Domestic Hot
Water Systems with Improved Prediction of Thermal Stratification. In Conference Proceedings - Solar World
Congress 2015 International Solar Energy Society. DOI: 10.18086/swc.2015.02.15
&RQIHUHQFH3URFHHGLQJV
6RODU:RUOG&RQJUHVV
'DHJX.RUHD±1RYHPEHU

'(9(/230(172)$3(5)250$1&(&$/&8/$7,21
352*5$0)2562/$5'20(67,&+27:$7(56<67(06:,7+
,03529('35(',&7,212)7+(50$/675$7,),&$7,21
-LDQKXD)DQ6LPRQ)XUERDQG=KH/L
'HSDUWPHQWRI&LYLO(QJLQHHULQJ7HFKQLFDO8QLYHUVLW\RI'HQPDUN'HQPDUN
%HLMLQJ&RPSXWLQJ&HQWHU%HLMLQJ&KLQD
$EVWUDFW
7KH WUDQVLHQW IOXLG IORZ DQG KHDW WUDQVIHU LQ D KRW ZDWHU WDQN GXULQJ FRROLQJ FDXVHG E\ VWDQGE\ KHDW ORVV ZHUH
LQYHVWLJDWHG E\ FRPSXWDWLRQDO IOXLG G\QDPLFV &)' FDOFXODWLRQV DQG E\ WKHUPDO PHDVXUHPHQWV LQ SUHYLRXV
LQYHVWLJDWLRQ,WLVHOXFLGDWHGKRZWKHUPDOVWUDWLILFDWLRQLQWKHWDQNLVLQIOXHQFHGE\WKHQDWXUDOFRQYHFWLRQDQGKRZWKH
KHDWORVVIURPWKHWDQNVLGHVZLOOEHGLVWULEXWHGDWGLIIHUHQWOHYHOVRIWKHWDQNDWGLIIHUHQWWKHUPDOFRQGLWLRQV
$KHDWORVVUHPRYDOIDFWRULVLQWURGXFHGWRFKDUDFWHUL]HWKHHIIHFWRIWKHEXR\DQF\GULYHQIORZRQH[FKDQJHRIKHDWORVV
EHWZHHQWDQNOD\HUVE\QDWXUDOFRQYHFWLRQ%DVHGRQUHVXOWVRIWKH&)'FDOFXODWLRQVDJHQHUDOL]HGHTXDWLRQRIWKHKHDW
ORVV UHPRYDO IDFWRU LV REWDLQHG E\ UHJUHVVLRQ ZKLFK FDOFXODWHV WKH KHDW ORVV UHPRYDO IDFWRU IRU D JLYHQ WHPSHUDWXUH
JUDGLHQW LQ WKH WDQN 7KH HTXDWLRQ WDNHV LQWR DFFRXQW WKH LQIOXHQFHV RI WDQN YROXPH KHLJKW WR GLDPHWHU UDWLR WDQN
LQVXODWLRQ WKLFNQHVVDQGPDWHULDOSURSHUW\RI WKH WDQNZDOODQG LQLWLDO WKHUPDOFRQGLWLRQVRI WKH WDQN7KHHTXDWLRQ LV
YDOLGDWHG IRU D WDQN YROXPH LQ WKH UDQJH RI  O DQG  O DQG D KHLJKW WR GLDPHWHU UDWLR RI  7KH HTXDWLRQ LV
LPSOHPHQWHGLQDVLPXODWLRQSURJUDPIRUDVRODUGRPHVWLFKRWZDWHU6'+:V\VWHPZLWKDKRWZDWHUWDQNFKDUJHGE\D
EXLOWLQKHDWH[FKDQJHUVSLUDO7KHSURJUDPFDQFDOFXODWHWKHUPDOSHUIRUPDQFHRID6'+:V\VWHP7KHUPDOSHUIRUPDQFH
FDOFXODWHGE\WKHSURJUDPZLOOEHFRPSDUHGWRWKHPHDVXUHPHQWV7KHLQYHVWLJDWLRQVHOXFLGDWHDFFXUDF\DQGUHOLDELOLW\RI
WKHSURJUDPIRUFDOFXODWLRQRIWHPSHUDWXUHVDQGWKHUPDOSHUIRUPDQFHRIDVRODUGRPHVWLFKRWZDWHUV\VWHP

.H\ZRUGV +RW ZDWHU WDQN WKHUPDO VWUDWLILFDWLRQ SHUIRUPDQFH FDOFXODWLRQ SURJUDP &RPSXWDWLRQDO IOXLG G\QDPLFV
&)'+HDWORVVUHPRYDOIDFWRU 
 ,QWURGXFWLRQ
7KHUPDO VWUDWLILFDWLRQ LQ VRODU VWRUDJH WDQNV KDV D PDMRU LQIOXHQFH RQ WKH WKHUPDO SHUIRUPDQFH RI VRODU
KHDWLQJV\VWHPV$KLJKGHJUHHRIWKHUPDOVWUDWLILFDWLRQLQWKHVWRUDJHWDQNLQFUHDVHVWKHWKHUPDOSHUIRUPDQFH
RIDVRODUKHDWLQJV\VWHPEHFDXVHWKHUHWXUQWHPSHUDWXUHWRWKHVRODUFROOHFWRULVORZHUHG)XUERYDQ
.RSSHQ&)XUER+DOOHU+DOOHU$ORZHULQOHWWHPSHUDWXUHWRWKHVRODUFROOHFWRUZLOO
LQFUHDVHWKHHIILFLHQF\DQGRSHUDWLQJKRXUVRIWKHVRODUFROOHFWRU)XUWKHU WKHWHPSHUDWXUHDWWKHWRSRIWKH
VWRUDJHZLOOEHFORVHU WR WKHGHVLUHG ORDG WHPSHUDWXUH7KHUHIRUH WKHDX[LOLDU\HQHUJ\FRQVXPSWLRQZLOOEH
GHFUHDVHGZKLFKLQFUHDVHVWKHVRODUIUDFWLRQ+ROODQGV)XUER
+HDW ORVV IURP WKH WDQN VLGHV KHOSV WR EXLOG XS WKHUPDO VWUDWLILFDWLRQ LQ WKH WDQN'XH WR KHDW ORVV WR WKH
VXUURXQGLQJVWKHIOXLGFORVHWRWKHWDQNZDOOKDVDORZHUWHPSHUDWXUHWKDQWKHIOXLGDWWKHFHQWUHRIWKHWDQN
7KHUHODWLYHFROGHUIOXLGIORZVGRZQZDUGVDORQJWKHWDQNZDOOZKLOHWKHIOXLGZLWKKLJKHUWHPSHUDWXUHULVHV
XSLQWKHFHQWUHRIWKHWDQN
7KHUPDO VWUDWLILFDWLRQ DQG QDWXUDO FRQYHFWLRQ IORZ LQ D YHUWLFDO F\OLQGULFDO KRWZDWHU WDQN GXULQJ VWDQGE\
SHULRGVZHUH LQYHVWLJDWHG LQ WKH OLWHUDWXUH $QGHUVHQ)DQD7UDQVLHQW WKUHHGLPHQVLRQDO&)'
PRGHOV RI KRW ZDWHU VWRUDJH WDQNV ZHUH GHYHORSHG DQG YDOLGDWHG DJDLQVW WKHUPDO PHDVXUHPHQWV =DFKDU
FDUULHGRXW DQXPHULFDO DQDO\VLV RI IORZGLVWULEXWRUV WR LPSURYH WHPSHUDWXUH VWUDWLILFDWLRQ LQ VWRUDJH WDQNV
=DFKDU1HXUDOQHWZRUNPRGHOOLQJZDVXVHGIRUFDOFXODWLRQRIWKHUPDOVWUDWLILFDWLRQLQDVRODU'+:
VWRUDJH*HF]\9LJ
7KHDLPRIWKHLQYHVWLJDWLRQLVWRHOXFLGDWHKRZWKHUPDOVWUDWLILFDWLRQLQWKHWDQNLVLQIOXHQFHGE\WKHQDWXUDO
	

 
 !"#$"% % &''
(
))	!$ 
*

*#"(!!" 


Fan / SWC 2015/ ISES Conference Proceedings (2015) 

FRQYHFWLRQ DQGKRZ WKHKHDW ORVV IURP WKH WDQN VLGHVZLOO EH GLVWULEXWHG DW GLIIHUHQW OHYHOV RI WKH WDQN DW
GLIIHUHQW WKHUPDO FRQGLWLRQV7KH XOWLPDWH JRDO RI WKH LQYHVWLJDWLRQ LV WR LPSURYH DQ H[LVWLQJSURJUDP IRU
SHUIRUPDQFHFDOFXODWLRQRIVRODUGRPHVWLFKRWZDWHUV\VWHPVLQWHUPVRISUHGLFWLRQRIWKHUPDOVWUDWLILFDWLRQ
LQWKHWDQN
 7KHH[SHULPHQWDODQGQXPHULFDOLQYHVWLJDWLRQV
([SHULPHQWDOLQYHVWLJDWLRQVZHUHFDUULHGRXWRQDVOLPOWDQNZLWKDGLDPHWHURIPDQGDKHLJKWRI
PLQRUGHUWRHYDOXDWHWKHHIIHFWRIKHDWORVVRQWKHUPDOVWUDWLILFDWLRQLQDWDQN7KHKHLJKWWRGLDPHWHU
UDWLRRIWKHWDQNLV7KHWDQNLVPDGHRIVWHHOZLWKDWKLFNQHVVRIPPDQGLVLQVXODWHGZLWKFPPLQHUDO
ZRRO7HPSHUDWXUHGLVWULEXWLRQRIWKHWDQNLVPHDVXUHGZLWKFRSSHUFRQVWDQWDQWKHUPRFRXSOHVW\SH77
HTXDOO\SODFHGIURPWKHERWWRPWRWKHWRSRI WKHWDQN7KHKHDW ORVVFRHIILFLHQWIURPGLIIHUHQWSDUWVRI WKH
WDQNLVPHDVXUHGZLWKWKHVHWXSVKRZQLQ)LJ'XULQJWKHPHDVXUHPHQWVWKHWDQNLVKHDWHGE\DQHOHFWULF
KHDWLQJHOHPHQWWRDXQLIRUPFRQVWDQWWHPSHUDWXUH7KHHOHFWULFKHDWLQJHOHPHQWLVSODFHGDWWKHYHU\ERWWRP
RIWKHWDQN7KHKHDWORVVIURPWKHWDQNLVWKHUHIRUHHTXDOWRWKHSRZHUFRQVXPSWLRQRIWKHHOHFWULFKHDWLQJ
HOHPHQWXQGHUVWHDG\VWDWHFRQGLWLRQV0HDVXUHPHQWRI WKHKHDW ORVVFRHIILFLHQW IURPGLIIHUHQWSDUWVRI WKH
WDQN LV SRVVLEOHZLWK KHOS RI WKH LVRWHPSHUDWXUH ER[ZKLFK LV NHSW DW WKH VDPH WHPSHUDWXUH DV WKHZDWHU
WHPSHUDWXUHLQWKHWDQN$XQLIRUPWHPSHUDWXUHRIWKHDLULQWKHER[LVDFKLHYHGDVWKHDLULVIXOO\PL[HGE\
PHDQVRIDIDQLQVLGHWKHER[7KHUHIRUHWKHUHLVQRKHDWORVVIURPWKHSDUWRIWKHWDQNFRYHUHGE\WKHER[
$LUWHPSHUDWXUHLQWKHER[DQGDPELHQWDLUWHPSHUDWXUHDUHPHDVXUHGE\FRSSHUFRQVWDQWDQWKHUPRFRXSOHV
W\SH77%\PHDQVRIPHDVXUHPHQWVZLWKGLIIHUHQWSRVLWLRQVRIWKHER[DQGZLWKWZRWHPSHUDWXUHOHYHOVRI
Û&DQGÛ&WKHGLVWULEXWLRQRIWKHKHDWORVVFRHIILFLHQWIRUWKHGLIIHUHQWSDUWVRIWKHWDQNLVGHWHUPLQHG
IRUGLIIHUHQW WHPSHUDWXUH OHYHOV7KHPHDVXUHPHQW DFFXUDF\RI WHPSHUDWXUHV LV.)RU WKH WHPSHUDWXUH
OHYHO RI & WKH WRWDO KHDW ORVV FRHIILFLHQW RI WKH WDQN LVPHDVXUHG 7KH KHDW ORVV FRHIILFLHQWV IRU WKH
GLIIHUHQWSDUWVRIWKHWDQNDUHREWDLQHGE\DVVXPLQJWKHVDPHGLVWULEXWLRQRIWKHKHDWORVVFRHIILFLHQWVDPRQJ
WKH GLIIHUHQW WDQN SDUWV DVZLWK D KRWZDWHU WHPSHUDWXUH RI  & 6LQFH WKH GLVWULEXWLRQ RI WKH KHDW ORVV
FRHIILFLHQW IRU GLIIHUHQW SDUWV RI WKH WDQN LV PDLQO\ GHSHQGHQW RQ WKH WDQN GHVLJQ DQG LQVXODWLRQ WKH
DVVXPSWLRQZLOO QRW LQWURGXFH VLJQLILFDQW HUURUV LQ WKH DQDO\VLV /LQHDUO\ WHPSHUDWXUH GHSHQGHQW KHDW ORVV
FRHIILFLHQWVIRUGLIIHUHQWSDUWVRIWKHWDQNDUHWKHQREWDLQHGVHH(TXDWLRQ
7 topK  >:.@  HT
7 sideK  >:.@  HT
7 bottomK  >:.@  HT
7 totalK  >:.@  HT
ZKHUH7LVWKHZDWHUWHPSHUDWXUHLQWKHWDQN>.@
7KHPHDVXUHGKHDWORVVFRHIILFLHQWVRIWKHWDQNDUHXVHGDVLQSXWVWRWKHQXPHULFDOLQYHVWLJDWLRQV
 
$7KH,VRWHPSHUDWXUHER[DQGWKHWDQN %0HDVXUHPHQWRIWDQNKHDWORVVFRHIILFLHQW
)LJXUH([SHULPHQWDOVHWXS


$WDQ
EXLOWL
FRQGLW
WDNLQJ
RISUH
VLGHZ
,QWKH
ERWWRP
EDVHG
,GX
GHILQH
ORVVR
PRYH
Ia
)RUWK
WDQN
 Na
7KHUP
 Gr
ZKHUH
LQPP
3.1 T
NVLPXODWLRQ
Q KHDW H[FKD
LRQVLVFRQVLG
LQWRFRQVLGH
GLFWLRQRI WKH
DOO
SURJUDPWKH
WRWKHWRSR
RQFRQYHQWLR
HWRWKHEXR\
GDV WKHUDWLR
IWKHOD\HU7K
GGRZQIURP
 
 
IQ
Q
flow
HWRSOD\HU1

OWRSQ
Q
 
DOVWUDWLILFDWL



H
T
I
layer
layer 
7OD\HU,LVWK
HDVXUHGIURP

he initial con
Fan / SW
SURJUDP6SL
QJHU VSLUDO 
HUHG7KHSUR
UDWLRQWKHUPD
UPDOVWUDWLILF
WDQNLVHTXD
IWKHWDQNVHH
QDOKHDWWUDQV
DQF\GULYHQI
EHWZHHQWKH
HKHDWORVVR
WKHOD\HUDERY


 IQ
I
loss
flow
WKHKHDWORVV


RVV NQ
N
loss
flow


RQLQWKHWDQN


HI
TI
lay
layer


HDYHUDJHIOX
WKHERWWRPR
)LJ6
7KHGRZQZ
ditions of th
C 2015/ IS
UDO6ROKDVEH
)XUER 
JUDPLVDEOH
OVWUDWLILFDWLRQ
DWLRQE\FRQV
OO\GLYLGHGLQ
)LJ+HDW
IHUWKHRU\ZK
ORZLVGHILQH
KHDW ORVVPR
IWKHOD\HULQF
H


PRYLQJIURP
  
LVFKDUDFWHUL]


I
I
er

LGWHPSHUDWXU
IWKHWDQN
FKHPDWLFLOOXV
DUGVIORZD
e tank 
ES Conferen
HQGHYHORSHG
 7KHUPDO VWU
WRGHWHUPLQH
LQWKHWDQN7
LGHULQJWKHL
WRDQXPEHUR
ORVVIURPWKH
LOHWKHKHDWOR
GDV4IORZ,
YHGGRZQE\
OXGHVERWKKH
WKHOD\HUDER
HGE\DWHPS

HRIOD\HU,LQ
WUDWLRQRIDWD
ORQJWDQNZ
ce Proceed
WRFDOFXODWH
DWLILFDWLRQ LQ
WKHWKHUPDOSH
KHSURJUDP
QIOXHQFHRIE
IOD\HUV1 
VLGHRIWKHOD
VVPRYLQJIUR
$KHDWORVVU
QDWXUDOFRQY
DWORVVIURP
 
YHLVUHSODFH
 
HUDWXUHJUDGLH
 
.ZKLOH+OD
QNFRQVLVWLQJR
DOOGXHWRK
ings (2015) 
ZDWHUWHPSHU
WKH WDQN XQG
UIRUPDQFHRI
LVLPSURYHGLQ
XR\DQF\GULY
QXPEHUHG
\HU,LVGHILQH
PWKHOD\HUD
HPRYDOIDFWR
HFWLRQDQGWK
WKHVLGHRIWKH
HT
GE\WKHKHDWO
HT
QW*U,
HT
\HU,LVWKHDY

I1OD\HUV
HDWORVVIUR
DWXUHVLQDWD
HU GLIIHUHQW
DVRODUKHDWLQ
WKLVSDSHULQ
HQIORZDORQJ
VHTXHQWLDOO\
GDV4ORVV,F
ERYH,WR
UaIIRULQWH
HWRWDODPRX
WDQNDQGWKH
RVVIURPWKH
HUDJHKHLJKW
PWKHWDQN
QNZLWKD
RSHUDWLQJ
JV\VWHP
WKHWHUP
 WKHWDQN
IURPWKH
DOFXODWHG
WKHOD\HU
UIDFHI LV
QWRIKHDW
KHDWORVV
WRSRIWKH
RIOD\HU,

&)'P
&DOFX
IORZD
FKDUJ
VWUDWLI
WKHWD
WDQNF
3.2 T
charg
)LJ
IURPW
ZDWHU
WKHUH
WKHUH

)LJ
RGHORIWKH
ODWLRQVKDYHE
ORQJWKHWDQN
HGWDQNZLWKD
LHGWDQNWKH
QN)LJVKR
RUUHVSRQGVWR
)LJ7HPS
he dependen
ed tank 
$VKRZVZDWH
KHWDQNZDWH
WHPSHUDWXUHV
LVD WHPSHUDW
LVDODUJHUWHP
$
&)'FDOFXOD
Fan / SW
VOLPKRWZDWH
HHQPDGHXV
ZDOOGXHWR
XQLIRUPZDW
ZDWHUWHPSHUD
ZVWKHWHPSH
DWDQNDIWHUD
HUDWXUHSURILOH
ce of down
UWHPSHUDWXUH
UWHPSHUDWXUH
GHFUHDVHVE\
XUHRIÛ
SHUDWXUHGLIIH
7HPSHUDWXUHG
WHGYHORFLW\YH
C 2015/ IS
UWDQNKDVEHH
LQJWKHYDOLGD
KHDWORVVIURP
HUWHPSHUDWXU
WXUHDWWKHXS
UDWXUHSURILOH
KRWZDWHUGU
RIDIXOO\FKDU
ward velocity
VLQWKHWDQN
DWWKHXSSHU
.,QWKH
& LQGLFDWLQJ
UHQFH

LVWULEXWLRQ
FWRUVDQGWHP
ZLWKDQRU
ES Conferen
QGHYHORSHG
WHG&)'PR
WKHWDQN7
HRIÛ&RU
SHUSDUWRIWK
RIWKHVWUDWLI
DZRIIRIO
JHGWDQNDQG
 on tempera
DIWHUKRXU
SDUWRIWKHWD
WDQNZLWKDK
DVPDOO WHPS
SHUDWXUHGLVWUL
LJLQDOO\IXOO\F
ce Proceed
DQGYDOLGDWHG
GHOVWRLQYHVW
KHLQLWLDOFRQ
DVWUDWLILHGWD
HWDQNLV
LHGWDQNDIWHU
LWHUV
RIDVWUDWLILHGW
ture gradien
VVWDQGE\RID
QNGURSVE\
HLJKWP
HUDWXUHJUDGL
EXWLRQLQWKHW
KDUJHGWDQN
ings (2015) 
DJDLQVWPHDV
LJDWHWKHLQIOX
GLWLRQRIWKH
QNDIWHUDKRW
Û&ZKLOHLWLV
DKRWZDWHUG
DQNDIWHUDKRW
t during stan
IXOO\FKDUJHG
.ZKLOHDW
PIURP
HQW ,Q WKH OR
% 9HORFLW
DQNDIWHUD
XUHPHQWV)D
HQFHRIWKHG
WDQNZDVHLWK
ZDWHUGUDZ
Û&DWWKH
UDZRII7KH

ZDWHUGUDZR
dby period 
WDQN'XHWR
WKHERWWRPR
WKHERWWRPRI
ZHUFPR

\YHFWRUV
KRXUVVWDQGE\
QD
RZQZDUG
HUDIXOO\
RII,QWKH
ERWWRPRI
VWUDWLILHG
II
of a fully 
KHDWORVV
IWKHWDQN
WKHWDQN
I WKH WDQN
SHULRG

)LJ
FKDUJ
ZDWHU
VLGHZ
DZDWH
XSSHU
VWDQGE
IORZD
WDQN D
JUDGLH
JUDGLH
WKH WD
GRZQZ
)LJ
3.3 T
stratif
7KH E
GLVWULE
WHPSH
VKRZ
VWURQJ
FRUUHV
KHLJKW
JUDGLH

)URP
GXHWR
LQ WKH
VLJQLI
ERWWRP
SUHVHQ
PDJQ
FDXVH
WKHDP
FUHDWLQ

%VKRZVYHOR
HGWDQN'XH
LQWKHFHQWHU
DOODVLWVGHQ
UFLUFXODWLRQ
SDUWRIWKHWD
\SHULRGRI W
ORQJWKHWDQN
IWHU  KRXU
QW WKH ORZHU
QWLVDVORZD
QN DW KHLJKW
DUGIORZLVV
'HSHQGHQF
he dependen
ied tank 
XR\DQF\ GULY
XWLRQLQWKHW
UDWXUHRI
VWHPSHUDWXU
 WKHUPDO VWUD
SRQGLQJWRD
 LQ WKH UDQJH
QWLVVPDOODV
)LJ%LWFDQ
WKHDEVHQFH
 FHQWHU RI WK
LFDQWO\ZKLFK
 RI WKH WDQN
W +RZHYHU
LWXGHRIDSSUR
GE\KHDWJDLQ
ELHQWDLUZKL
JXSZDUGIOR
Fan / SW
FLW\YHFWRUVR
WRKHDWORVVIU
RIWKHWDQNDW
VLW\LVKLJKHU
LQWKHWDQN7
QNWRWKHERW
KH WDQN7HP
VLGHZDOO)L
V VWDQGE\ FR
 WKH GRZQZ
V.PWK
  P ZK
LJQLILFDQWO\U
HRIGRZQZDU
ce of down
HQ IORZ LQ
DQNDWKRXU
Û&ZKLOHWK
HJUDGLHQWYH
WLILFDWLRQZLW
WHPSHUDWXUH
 IURP WR
ZHOODWWKHER
EHVHHQWKDW
RIVWUDWLILFDWL
H WDQN LV UHO
FDQEHH[SO
 WKHUH LV D VP
D VPDOO XSULV
[PPV
IURPWKHXSS
FKKDVDVOLJK
Z
C 2015/ IS
IIOXLGIORZL
RPWKHWDQN
WKHVDPHKHL
ZKLOHLQWKH
KHEXR\DQF\
WRPSDUWRIWK
SHUDWXUHJUDG
JVKRZVGH
ROLQJ RI D IX
DUG IORZ LV $
HDYHUDJHGRZ
HUH WKHUH LV
HGXFHGWREHO
GYHORFLW\RQW
VWDUWLQJ
ward velocity
D VWUDWLILHG WD
VVWDQGE\RI
HZDWHUWHPSH
UVXVZDWHUWHP
KD WHPSHUDWX
JUDGLHQWLQWK
P WKH W
WWRPRIWKHWD
WKHUHLVDGRZ
RQ:DWHULQ
DWLYHO\ ZDUP
DLQHGE\WKHS
DOO WHPSHUDW
LQJ IORZ DOR
7KLVFDQEHH
HUSDUWRIWKH
WO\KLJKHUWHP
ES Conferen
QWKHWDQNDIW
VLGHZDWHUFO
JKW7KHFROG
FHQWHURIWKHW
LQGXFHGIORZ
HWDQNFRQVH
LHQW LQ WKH WD
SHQGHQFHRI
OO\ FKDUJHG W
W KHLJKW LQ
QZDUGIORZY
D ODUJHU WHP
RZHUWKDQP
HPSHUDWXUHJU
ZLWKDIXOO\FK
 on tempera
QN LV LQYHVW
DVWUDWLILHGWD
UDWXUHDWWKHE
SHUDWXUHVLQ
UH LQFUHDVHR
HUDQJHIURP
HPSHUDWXUHJ
QNZLWKDKHL
QZDUGIORZD
WKHFHQWUDOSD
HU $W WKH K
UHVHQFHRIV
XUH JUDGLHQW
QJ WKH WDQN
[SODLQHGE\D
WDQNGXHWRWK
SHUDWXUH7K
ce Proceed
HUDKRXUV
RVHWRWKHWDQ
HUZDWHUWHQG
DQNZDUPHUI
ZLOOGULYHIOX
TXHQWO\HVWDE
QNKDVD VLJ
GRZQZDUGYH
DQN ,W LV VKR
WKH UDQJH RI
HORFLW\LVP
SHUDWXUH JUDG
PV
DGLHQWLQWKHWD
DUJHGWDQN
ture gradien
LJDWHG DV ZH
QN$WWKHXS
RWWRPRIWKH
WKHWDQN,QW
I. IURP
.PWR
UDGLHQW LV VP
JKWIURPWR
ORQJWKHWDQN
UWVRIWKHWDQN
HLJKW RI 
WURQJVWUDWLILF
EXW WKH GRZQ
ZDOO FDQ EH
ZDUPHUVWHH
HUPDOFRQGX
HKHDWJDLQKH
ings (2015) 
VWDQGE\SHUL
NVLGHKDVDO
VWRIORZGRZ
OXLGWHQGVWR
LGZLWKORZH
OLVKLQJWKHUP
QLILFDQW LQIOXH
ORFLW\RQWHPS
ZQ WKDW WKH
 P Z
PVPPV
LHQW LQ WKH UD
QNDIWHUDK
t during stan
OO )LJ $ V
SHUSDUWRIWK
WDQNLVDOPRV
KHPLGGOHSD
P WR
.P$WWKH
DOOHU WKDQ
P
ZDOODWWKHKH
ZDWHULVIORZ
P WKH GRZQ
DWLRQDWWKDWS
ZDUG EXR\DQ
REVHUYHG 7K
OWDQNZDOODW
FWLRQWKURXJK
DWVXSWKHIOX
RGVWDUWLQJZ
RZHUWHPSHU
QZDUGVDORQJ
IORZXSZDUGV
UWHPSHUDWXUH
DOVWUDWLILFDWL
QFHRQ WKHG
HUDWXUHJUDGL
ODUJHU WKH WHP
KHUH WKH WHP
:KLOHDWWKH
QJH RI 

RXUVVWDQGE\
dby period 
KRZV WKH WHP
HWDQNWKHUH
WFRQVWDQWDW
UWRIWKHWDQN
PKHLJKWRI
WRSRIWKHWD
.P7KH WHP
LJKWRIP
LQJXSZDUG
ZDUG IORZ L
DUWRIWKHWDQ
F\ GULYHQ IO
H ULVLQJ IORZ
WKHERWWRPR
WKHWDQNZDOO
LGDGMDFHQWWR
LWKDIXOO\
DWXUHWKDQ
WKHWDQN
FUHDWLQJ
IURPWKH
RQGXULQJ
RZQZDUG
HQWLQWKH
SHUDWXUH
SHUDWXUH
ERWWRPRI
.P WKH
SHULRG
of a 
SHUDWXUH
LVDZDWHU
Û&)LJ
WKHUHLVD
 WKH WDQN
QNZLWKD
SHUDWXUH
RUKLJKHU
VDVZDWHU
V UHGXFHG
N$WWKH
RZ LV QRW
 KDV WKH
IWKHWDQN
DQGIURP
WKHZDOO
)LJ
)LJ
$WWKH
RIP
IURP
$ 7
&)'FDOFXOD
)LJ
VKRZVWKHGH
WRSRIWKHWD
PVPP
PWRP
Fan / SW
HPSHUDWXUHG
WHGYHORFLW\Y
7HPSHUDWXUH
SHQGHQFHRI
QNZKHUHWKH
V:KLOH WK
ZKHUHWKHUH
C 2015/ IS

LVWULEXWLRQ
HFWRUVDQGWHP
RULJ
JUDGLHQWLQWK
GRZQZDUGIOR
UHLVDVPDOOW
H IORZ LVVLJQ
LVDWHPSHUDWX
ES Conferen
SHUDWXUHGLVWU
LQDOO\VWUDWLILH
HWDQNDIWHUK
ZDORQJWKHW
HPSHUDWXUHJ
LILFDQWO\ UHGX
UHJUDGLHQWK
ce Proceed
LEXWLRQLQWKHW
GWDQN
RXUVRIVWDQG
DQNVLGHZDOO
UDGLHQWWKHG
FHG LQ WKHP
LJKHUWKDQ
ings (2015) 
% 9HORFLW
DQNDIWHUKR
E\IRUDVWUDWLI
RQWHPSHUDWX
RZQZDUGIORZ
LGGOHSDUWRI
.P

\YHFWRUV
XUVRIVWDQGE\

LHGWDQN
UHJUDGLHQWLQ
KDVDQDYHU
WKH WDQNZLWK
ZLWKDQ
WKHWDQN
DJHVSHHG
DKHLJKW
)
4.1 E
,QRUG
QDWXUD
LQYHVW
JLYHQ
YROXP
FRQGLW

ZKHUH
)LJ
DYROX
WHPSH
WHPSH

DWHPS
LJ'HSHQGHQ
quation of th
HUWRTXDQWLI\
O FRQYHFWLRQ
LJDWLRQVDVLP
WHPSHUDWXUH
H WDQN KHLJK
LRQVRIWKHWD
Gr(I)0.25: a
Gr(I)>0.25: 
HT 
 a(I)LVWKH
HLVWKHWD
DLVWKHWD
4ORVV,
TOD\HU,
TDLVWKHDP
Gr(I)LVWHP
VKRZVWKHKH
PHRIOD
UDWXUH LVDVVX
UDWXUHJUDGLHQ
RIWKHKHDW
HUDWXUHJUDG
Fan / SW
FHRIGRZQZD
e heat loss r
WKHHIIHFWRI
 D KHDW ORV
SOHHTXDWLRQ
JUDGLHQWLQWK
W WR GLDPHWHU
QNVHHHTXDWL
I  



 Ia
KHDWORVVUHP
QNKHLJKWLQP
QNGLDPHWHULQ
LVWKHKHDWORV
LVWKHDYHUDJH
ELHQWDLUWHP
SHUDWXUHJUD
DWORVVUHPRY
QGDKHLJKWW
PHGWREH
W.P
ORVVDFFXPXO
LHQWODUJHUWKD
C 2015/ IS
UGYHORFLW\RQ
 7KH
emoval fact
WKHEXR\DQF\
V UHPRYDO ID
LVREWDLQHG
HWDQN)DQ
 UDWLR WDQN L
RQ
IGr  


 HD
RYDOIDFWRURI

P
VIURPWKHVLG
ZDWHUWHPSH
SHUDWXUH&
GLHQWRIWKHiW
DOIDFWRUDVD
RGLDPHWHUUD
&DQG&
WKHKHDWORVV
DWHGLQWKHOD\
Q.PWKH
ES Conferen
WHPSHUDWXUHJ
VWUDWLILHGWDQ
KHDWORVVU
or
GULYHQIORZ
FWRU LV LQWUR
E\UHJUHVVLRQ
E7KHH
QVXODWLRQ WKL

OQ

¨
©
§
DH
WKHiWKWDQNOD
HRIWKHWDQN
UDWXUHLQWKHW

KWDQNOD\HUL
IXQFWLRQRIWH
WLRRILVXVH
UHVSHFWLYHO\
UHPRYDOIDFW
HUZLOOEHWUD
KHDWORVVUHP
ce Proceed
UDGLHQWLQWKH
N
HPRYDOIDF
RQH[FKDQJH
GXFHG %DVHG
WKDWFDOFXODW
TXDWLRQWDNHV
FNQHVV DQG S


 DH
Qloss
\HU
OD\HUI+1LQ:
DQNOD\HU,
Q.P
PSHUDWXUHJU
G:DWHUWHP
,W LVFOHDUO\
RUOLHVLQWKH
QVSRUWHGGRZ
RYDOIDFWRULV
ings (2015) 
WDQNDIWHUKR
WRU
RIKHDWORVVE
 RQ WKH UHVX
HVWKHKHDWOR
LQWRDFFRXQW
URSHUW\ RI WK




DH
I
P
&
DGLHQW,QWKH
SHUDWXUHLQWK
VKRZQWKDWZ
UDQJHIURP
QZDUGV,QWK
VPDOOHUWKDQ

XUVRIVWDQGE\
HWZHHQWDQN
OWV RI SUHYL
VVUHPRYDOID
WKHLQIOXHQFH
H WDQNZDOO D
 



¸
¹
· D
layerT
IGr
FDOFXODWLRQD
HWDQNDQGDP
KHQWKHUH LV
WRPHD
HUHJLRQZKH
ZKLFKP
IRUD
OD\HUVE\
RXV &)'
FWRUIRUD
VRIWDQN
QG LQLWLDO






DHH
aTI
WDQNZLWK
ELHQWDLU
DOPRVWQR
QLQJWKDW
UHWKHUHLV
HDQVWKDW

RQO\D
4.2 C
7KHH
E\ WK
PHDVX
WKH KH
WHPSH
WHPSH
ERWWRP
$IWHU

IDFWRU
UHVSHF
WKHWDQ
SUHGLF
WRSRI
QXPHU
WHPSH
RIOD\
PHDVX
)LJ 
UHPRY
QDWXUD
$ FRP
LQLWLDO
&RQVL
FRXOG
WHPSH
KHDWOR

QLQVLJQLILFDQ
)LJ
omparison b
TXDWLRQHT
H SURJUDP LV
UHGZDWHUWHP
DW UHPRYDO I
UDWXUH RI 
UDWXUHVDUHVK
RIWKHWDQN
KRXUVVWDQ
&:DWHUDWWK
 SUHGLFWV ZD
WLYHO\7KHG
NDQG.
WLRQDFFXUDF\
WKHWDQNDQG
LFDOPHWKRG
UDWXUHLQHDFK
HUVLQWKHFDO
UHPHQWXQFHU
 VKRZV FRP
DOIDFWRU,WLV
OFRROLQJE\X
SDULVRQ EHWZ
O\ VWUDWLILHG
GHUDWLRQRIWK
EH H[SODLQHG
UDWXUHJUDGLHQ
VVUHPRYDOI
Fan / SW
WSDUWRIWKHK
+HDWORVVU
etween the 
LVLPSOHPHQ
 FRPSDUHG W
SHUDWXUHVDQ
DFWRU 7KH LQ
& 7KH PHDV
RZQE\GRWV
LVGHFUHDVHGW
GE\FRROLQJR
HERWWRPRIW
WHU WHPSHUDWX
LVDJUHHPHQWE
DWWKHERWWRP
RIWKHSURJUD
WR.DWW
RIWKHSURJUDP
OD\HU7KLVL
FXODWLRQEXWL
WDLQW\RIWKHK
SDULVRQ EHWZ
VKRZQWKDWW
VLQJWKHKHDW
HHQ WKHPHD
WDQN 7KHUH
HKHDWORVVUH
 E\ WKH IDFW
WWKHUHIRUHI
DFWRULVPDUJL
C 2015/ IS
HDWORVVLVWUD
HPRYDOIDFWRU
measured an
WHGLQWKHWDQ
R WKH PHDVXU
GWKHVLPXODWH
LWLDO FRQGLWLR
XUHG ZDWHU W
DQGFURVVHV$
R&ZKLOH
IWKHWDQNWK
KHWDQNZDVF
UHV RI 
HWZHHQWKHP
RIWKHWDQN:
PLVLPSURYH
KHERWWRPRI
$VWKHWDQN
VQRWWUXHLQU
WZLOOVLJQLILF
HDWORVVFRHII
HHQ VLPXODW
KHUHLVDVLPL
ORVVUHPRYDO
VXUHG DQG WKH
LV D JRRG D
PRYDOIDFWRU
 WKDW WKH KHD
RUDPDMRULW\
QDO
ES Conferen
QVSRUWHGGRZ
DVDIXQFWLRQ
d the simul
NVLPXODWLRQ
HG WHPSHUDWX
GZDWHUWHPS
Q RI WKH WDQ
HPSHUDWXUHV
IWHURQHKRX
WKHUHLVDWHP
HZDWHUWHPS
RROHGGRZQ
& DQG 
HDVXUHGDQG
LWKWKHKHDWO
GVOLJKWO\7
WKHWDQN7KH
LVGLYLGHGLQ
HDOLW\7KHH
DQWO\LQFUHDV
LFLHQWVZKLFK
HG ZDWHU WHP
ODULPSURYHP
IDFWRU
 VLPXODWHGZ
JUHHPHQW EH
LQWKHSURJUD
W ORVV UHPRY
SDUWRIWKHWDQ
ce Proceed
QZDUG
RIWHPSHUDWXUH
ated water te
SURJUDP6SLU
UHV )LJ 
HUDWXUHVE\W
N LV D IXOO\ F
DUH VKRZQ LQ
URIVWDQGE\F
SHUDWXUHGHFU
HUDWXUHDWWKH
WR&7K
 & DW WKH W
WKHVLPXODWHG
RVVUHPRYDOI
KHHUURURISU
H[LVWLQJGLVD
WROD\HUV
UURUFRXOGEH
HVLPXODWLRQW
DUHXVHGDVL
SHUDWXUHV ZL
HQWDIWHUK
DWHU WHPSHUD
WZHHQ WKH V
PPDNHVRQO
DO IDFWRU ZLO
NWKHGLIIHUHQ
ings (2015) 
JUDGLHQWLQWK
mperatures
DO6RO:DWHUW
VKRZV D FR
KHSURJUDPVZ
KDUJHG WDQN
 FXUYHV ZKLO
RROLQJWKHZ
HDVHRI.
WRSRIWKHWDQ
HSURJUDPZ
RS DQG DW WK
WHPSHUDWXUHV
DFWRUFRQVLGH
HGLFWLRQLVGHF
JUHHPHQWFRX
LQWKHVLPXODW
GHFUHDVHGE\
LPH7KHHUUR
QSXWVLQWKHS
WK DQG ZLWKR
RXUKRXU
WXUHV LV SUHVH
LPXODWLRQV DQ
\LQVLJQLILFDQ
O EH VPDOO IR
FHZLWKDQGZ

HWDQN
HPSHUDWXUHVF
PSDULVRQ EHW
LWKDQGZLWK
ZLWK D XQLIR
H WKH VLPXOD
DWHUWHPSHUDW
LQWKHUHVWRI
NZDVPHDVX
LWKRXWWKHKHD
H ERWWRP RI
LV.DW
UHGLQWKHSUR
UHDVHGWR
OGEHH[SODLQ
LRQWKHUHLV
LQFUHDVLQJWK
UFRXOGDOVR
URJUDP
XW XVLQJ WKH
KRXUDQG
QWHG LQ )LJ
G WKH PHDV
WO\LPSURYHP
U D WDQN ZLW
LWKRXWFRQVLG
DOFXODWHG
ZHHQ WKH
RXWXVLQJ
UP ZDWHU
WHG ZDWHU
XUHDWWKH
WKHWDQN
UHGWREH
WUHPRYDO
WKH WDQN
WKHWRSRI
JUDPWKH
.DWWKH
HGE\WKH
DXQLIRUP
HQXPEHU
EHGXHWR
KHDW ORVV
KRXURI
 IRU DQ
XUHPHQWV
HQW7KLV
K D ODUJH
HULQJWKH
)

,W FDQ
WDNLQJ
VWUDWLI
WHPSH
7KHS
P
GLIIHU
UHPRY
WLPHV
GXHWR
LJXUH&RPS
)LJXUH
 EH FRQFOXGH
 LQWR FRQVLGH
LHG WDQN *H
UDWXUHVZKLF
URJUDPLVWKH
D WDQNYROXP
HQFH EHWZHHQ
DO IDFWRU7K
RIKRWZDWHU
WKHSUHVHQFH
Fan / SW
DULVRQVEHWZH
&RPSDULVRQ
G WKDW IRU D I
UDWLRQ WKH KH
QHUDOO\ WKHUH
KGRFXPHQWVF
QXVHGWRFDOF
H RI O D
 WKHUPDO SHU
LVFRXOGEHH
WDSSLQJSHUG
RIWHPSHUDWX
C 2015/ IS
HQPHDVXUHG
VEHWZHHQVLP
XOO\ FKDUJHG
DW ORVV UHPRY
 LV D JRRG
UHGLELOLW\RI
XODWHWKHUPDO
QG D GDLO\ WDS
IRUPDQFH FDOF
[SODLQHGE\ W
D\,QDVWUDWL
UHJUDGLHQWLQ
ES Conferen
DQGVLPXODWHG
XODWHGWHPSHU
 WDQN WKH SUH
DO IDFWRU ZK
DJUHHPHQW E
WKHSURJUDP
SHUIRUPDQFH
SLQJRI
XODWHG E\ WK
KH IDFW WKDW W
ILHGWDQNWKH
WKHWDQN
ce Proceed
WHPSHUDWXUHV
DWXUHVVWDUWLQJ
GLFWLRQ DFFXU
LOH WKH LPSU
HWZHHQ WKH V

RIDVRODUKHD
 OLWHUV7KH UH
H SURJUDPZ
KH WDQN LQPR
UHPRYDORIKH
ings (2015) 
VWDUWLQJZLWKD
ZLWKDIXOO\F
DF\ RI WKH SU
RYHPHQW LVP
LPXODWHG DQG
WLQJV\VWHPZ
VXOWV VKRZ WK
LWK DQGZLWKR
VWRI WKH WLP
DWORVVEHWZH

IXOO\FKDUJHG

KDUJHGWDQN
RJUDP LV LPS
DUJLQDO IRU D
 WKH PHDVXU
LWKDVRODUFR
DW WKHUH LV D
XW XVLQJ WKH
H LV VWUDWLILHG
HQOD\HUVLVP
WDQN
URYHG E\
Q DOUHDG\
HG ZDWHU
OOHFWRURI
PDUJLQDO
KHDW ORVV
GXH WR
LQLPL]HG
7KHG
RIYDO
GRZQ
RI WKH
WHPSH
VWURQJ
VWUDWLI
WHPSH
ZDOO
$KHD
EXR\D
HTXDWL
WKH WD
DFFXUD
LPSUR
VLPXO
7KHS
P
GLIIHU
UHPRY
WLPHV
SUHVHQ
$FNQ
7KLVU
&KLQD

$QGHU
GHVLJQ
)LJXUH&R
RZQZDUGIORZ
LGDWHG&)'P
WRDORZHUOH
 GRZQZDUG I
UDWXUHJUDGLHQ
 GRZQZDUG I
LHGWDQNWKHG
UDWXUHDQGD
WORVVUHPRYD
QF\GULYHQ IO
RQRIWKHKHD
QNDUHFRPSD
F\RI WKH SU
YHPHQW LVPD
DWHGDQGWKHP
URJUDPLVWKH
D WDQNYROXP
HQFH EHWZHHQ
DO IDFWRU7K
RIWDSSLQJSH
FHRIWHPSHU
RZOHGJHPH
HVHDUFKZDV
&RRSHUDWLRQ
VHQ()XUER
RSWLRQV-RX
Fan / SW
PSDULVRQVEHW
DORQJWKHWD
RGHOV7KH U
YHORIWKHWDQ
ORZ LV VLJQLI
WLQWKHWDQN
ORZ LQPRVW
RZQZDUGIOR
ORZWHPSHUDWX
OIDFWRULVLQWU
RZRQ H[FKD
WORVVUHPRYD
UHG WR WKHP
RJUDP LV LPS
UJLQDO IRU DQ
HDVXUHGZDWH
QXVHGWRFDOF
H RI O D
 WKHUPDO SHU
LVFRXOGEHH
UGD\,QDVWU
DWXUHJUDGLHQW
QWV
VXSSRUWHGE\
3URJUDP64
67KHRUHWLF
UQDORI6RODU(
C 2015/ IS
ZHHQPHDVXUH
QNVLGHZDOO
HVXOWVVKRZW
NWKXVKHOSLQ
LFDQWO\ LQIOXH
WKHORZHUWKH
RI WKH WDQNZ
ZLVRQO\DSS
UHJUDGLHQW,
RGXFHGLQWKH
QJHRIKHDW O
OIDFWRULVLPS
HDVXUHGRQHV
URYHG E\ WDN
 DOUHDG\ VWUD
UWHPSHUDWXUH
XODWHWKHUPDO
QG D GDLO\ WDS
IRUPDQFH FDOF
[SODLQHGE\ W
DWLILHGWDQNWK
LQWKHWDQN
WKH6SHFLDOIX
=*
DOFRPSDULVRQ
QHUJ\(QJLQ
ES Conferen
GDQGVLPXODW
 &RQFOX
FDXVHGE\QD
KDW WKHGRZQ
JWRHVWDEOLVK
QFHG E\ WKH
GRZQZDUGI
KHUH WKH WHP
DUHQWLQWKHX
QWKHUHVWRI
WDQNVLPXODW
RVVEHWZHHQ
OHPHQWHGLQ
7KHUHVXOWV
LQJ LQWR FRQV
WLILHG WDQN*
VZKLFKGRFX
SHUIRUPDQFH
SLQJRI
XODWHG E\ WK
KH IDFW WKDW W
HUHPRYDORI

QGIRUWKHGH

 5HIHUH
RIVRODUZDW
HHULQJ
ce Proceed
HGWHPSHUDWXUH
VLRQV
WXUDOFRROLQJ
ZDUGIORZP
WKHUPDOVWUDW
WHPSHUDWXUH J
OXLGYHORFLW\L
SHUDWXUH JUD
SSHUSDUWRI
WKHWDQNWKHU
LRQSURJUDP6
WDQN OD\HUVE
WKHSURJUDP
VKRZWKDW IRU
LGHUDWLRQ WKH
HQHUDOO\ WKHU
PHQWVFUHGLE
RIDVRODUKHD
 OLWHUV7KH UH
H SURJUDPZ
KH WDQN LQPR
KHDWORVVEHW
YHORSPHQWR
QFHV
HUVSDFHKHDW

ings (2015) 
VVWDUWLQJZLWK
RIWKHWDQNLV
RYHVZDWHUZ
LILFDWLRQLQWK
UDGLHQW LQ WK
V)RUDIXOO\
GLHQW LV VPDO
WKHWDQNZKHU
HLVOLPLWHGIO
SLUDOVROWRTX
\QDWXUDO FRQ
7KHVLPXODWHG
D IXOO\FKDUJ
KHDW ORVV UHP
H LV D JRRG D
LOLW\RIWKHSU
WLQJV\VWHPZ
VXOWV VKRZ WK
LWK DQGZLWKR
VWRI WKH WLP
ZHHQOD\HUVL
IVPDOODQGP
LQJFRPELV\V


DVWUDWLILHGWD
LQYHVWLJDWHG
LWKFROGHU WHP
HWDQN7KHP
H WDQN 7KH K
FKDUJHGWDQN
OHU WKDQ .
HWKHUHLVDK
RZDORQJWKH
DQWLI\WKHHII
YHFWLRQ$JH
ZDWHUWHPSH
HG WDQN WKHS
RYDO IDFWRU
JUHHPHQW EH
RJUDP
LWKDVRODUFR
DW WKHUH LV D
XW XVLQJ WKH
H LV VWUDWLILHG
VPLQLPL]HG
HGLXPHQWHUS
WHPVDQGVWUD
QN
E\PHDQV
SHUDWXUH
DJQLWXGH
LJKHU WKH
WKHUHLVD
P )RU D
LJKZDWHU
WDQNVLGH
HFWRIWKH
QHUDOL]HG
UDWXUHVLQ
UHGLFWLRQ
ZKLOH WKH
WZHHQ WKH
OOHFWRURI
PDUJLQDO
KHDW ORVV
GXH WR
GXHWRWKH
ULVHV(8
WLILFDWLRQ
Fan / SWC 2015/ ISES Conference Proceedings (2015) 

)DQ - )XUER 6%XR\DQF\ GULYHQ IORZ LQ D KRWZDWHU WDQN GXH WR VWDQGE\ KHDW ORVV 6RODU (QHUJ\ 

)DQ-)XUER67KHUPDOVWUDWLILFDWLRQLQDKRWZDWHUWDQNHVWDEOLVKHGE\KHDWORVVIURPWKHWDQN6RODU(QHUJ\

)XUER69DUPHODJULQJWLOVROYDUPHDQO JH3K'UHSRUW1R7KHUPDO,QVXODWLRQ/DERUDWRU\7HFKQLFDO
8QLYHUVLW\RI'HQPDUN
)XUER60LNNHOVHQ6 ,V ORZ IORZRSHUDWLRQ DQ DGYDQWDJH IRU VRODU KHDWLQJ V\VWHPV"3URFHHGLQJV RI WKH
,6(66RODU:RUOG&RQJUHVV+DPEXUJ*HUPDQ\%ORVV:+DQG3ILVWHUHU)3HUJDPRQ3UHVV2[IRUG

)XUER 6.QXGVHQ 6 ,PSURYHG GHVLJQ RIPDQWOH WDQNV IRU VPDOO ORZ IORZ 6'+: V\VWHPV ,QWHUQDWLRQDO
-RXUQDORI(QHUJ\5HVHDUFK
*HF]\9LJ3)DUNDV ,1HXUDO QHWZRUNPRGHOOLQJRI WKHUPDO VWUDWLILFDWLRQ LQ D VRODU'+:VWRUDJH6RODU
(QHUJ\
+DOOHU0<<D]GDQVKHQDV($QGHUVHQ($PHWKRGWRGHWHUPLQHVWUDWLILFDWLRQHIILFLHQF\RIWKHUPDOHQHUJ\
VWRUDJHSURFHVVHVLQGHSHQGHQWO\IURPVWRUDJHKHDWORVVHV6RODU(QHUJ\
+DOOHU0 &UXLFNVKDQN & 6WUHLFKHU:0HWKRGV WR GHWHUPLQH VWUDWLILFDWLRQ HIILFLHQF\ RI WKHUPDO HQHUJ\
VWRUDJHSURFHVVHV±5HYLHZDQGWKHRUHWLFDOFRPSDULVRQ6RODU(QHUJ\
+ROODQGV./LJKWVWRQH0$ UHYLHZRI ORZIORZVWUDWLILHGWDQN VRODUZDWHUKHDWLQJV\VWHP6RODU(QHUJ\

YDQ.RSSHQ&7KRPDV -9HOWNDPS:7KHDFWXDOEHQHILWVRI WKHUPDOO\ VWUDWLILHG VWRUDJH LQD VPDOO DQG
PHGLXPVL]HVRODUV\VWHPV3URFHHGLQJVRIWKH,6(66RODU:RUOG&RQJUHVV$WODQWD86$

=DFKDU$$V]RGL$1XPHULFDODQDO\VLVRIIORZGLVWULEXWRUVWRLPSURYHWHPSHUDWXUHVWUDWLILFDWLRQLQVWRUDJH
WDQNV1XPHULFDO+HDW7UDQVIHU3DUW$DSSOLFDWLRQV


